This paper presents a new beamforming method for real-time three-dimensional (3-D) ultrasound imaging using a 2-D matrix transducer. To obtain images with sufficient resolution and contrast, several thousand elements are needed. The proposed method reduces the required channel count from the transducer to the main imaging system, by including electronics in the transducer handle. The reduction of element channel count is achieved using a sequential beamforming scheme. The beamforming scheme is a combination of a fixed focus beamformer in the transducer and a second dynamic focus beamformer in the main system. The real-time imaging capability is achieved using a synthetic aperture beamforming technique, utilizing the transmit events to generate a set of virtual elements that in combination can generate an image. The two core capabilities in combination is named Synthetic Aperture Sequential Beamforming (SASB). Simulations are performed to evaluate the image quality of the presented method in comparison to Parallel beamforming utilizing 16 receive beamformers. As indicators for image quality the detail resolution and Cystic resolution are determined for a set of scatterers at a depth of 90 mm for elevation and azimuth angles from 0
INTRODUCTION
In 3-D ultrasound imaging, an entire volume is imaged and allows the user to interactively control and manipulate the visualized planes to explore the entire volume while it is being updated in real time. The extension from 2-D to 3-D imaging greatly increases the number of lines to be acquired, leading to a proportional decrease in frame rate. Earlier suggestions to reduce the data acquisition time for a 1D-linear phased array is to increase the angular spread of the transmit beam and by simultaneously form adjacent receive beams.
1, 2 Von Ramm and Smith 3, 4 developed the first real-time 3-D imaging system using a 2-D transducer array. The system applied a parallel beamforming technique that permitted the formation of many simultaneous receive beams throughout the volume interrogated by the transmit beam.
An alternative technique to solve these problems can be provided by synthetic aperture (SA) imaging. [5] [6] [7] A key feature of SA imaging is that the transmissions and the size of the acquired volume are decoupled. In SA imaging a spherical wave is transmitted to collect information from a large region. The use of de-focused transmits has so far been the most common way of generating spherical waves. [8] [9] [10] The final image is then created from the sum of the beamformed energy from multiple transmit bursts, where the origin of the transmitted wavefront is considered to be a virtual element. In essence, a synthetic aperture image is optimally focused at each pixel in the image, and the extent of the point spread function is determined by the density and spread of the virtual sources. One problem to be solved in SA imaging is how to reduce the number of transmission channels between the probe and the processing unit.
A solution to this problem can be provided by synthetic aperture sequential beamforming (SASB).
11 A key feature of SASB imaging is that only a single channel is required between the transducer and the main processing unit. Previous studies have shown that SASB imaging is superior to dynamic receive focusing for 2-D imaging.
12
This paper presents a new beamforming method for real-time three-dimensional (3-D) ultrasound imaging using a 64×64 2-D matrix transducer. To obtain images with sufficient resolution and contrast, several thousand elements are needed. The proposed method reduces the required channel count from the transducer to the main imaging system, to a single channel.The method is presented and computer simulations are used to evaluate the image quality in terms of Cystic-and detail resolution. The method is compared to 3-D parallel receive beamforming, and a simulation of an anechoic cyst is performed to link the image quality metrics to a visual comparison.
SYNTHETIC APERTURE SEQUENTIAL BEAMFORMING
This section describes the principle of Synthetic Aperture Sequential Beamforming (SASB). The method is a dual-stage procedure using two separate beamformers.
First stage beamforming
In the initial stage the beamformer operates on the signals received by the transducer array. The emission sequence scans a focused emission across the volume being imaged. The beamformer applies delay-and-sum beamforming with a fixed delay for each transducer element to create a fixed focus scan line. The delay configuration is identical in both transmit and receive. The sample values of a single scan line can be interpreted as the response from a virtual source, emitting a spherical wave, positioned at the focal point of the scan line. The response is offset in time, relative to the distance from the virtual source to the scan line reference point. In the following, M emissions are used each having a unique direction θ m . For a given point r f p on the scan line in direction θ m , the output of the beamformer is
where R θm,k,n is the measured response of the element with row index k and column index n, and W is the weighting function of the receive aperture. The delay value, t d , applied to the response from the element at physical position, r r , is determined by the time-of-flight calculation as
where the ± refers to whether the sample position is above or below the focus position, r tf p , and r e is the scan line reference position for the unique direction θ m . Fig. 1 illustrates the time-of-flight calculation for the SASB first stage beamformer. Note from the figure that as the receive delay profile is fixed, the time delay offset is only relative to the distance from the virtual source to the receive focus point, r f p .
Second stage beamforming
The second stage beamformer takes the output of the first stage and uses it as input. The focal point from the first stage beamformer is considered a virtual source, while the samples on the scan line are considered the signal received by a virtual receive element colocated with the virtual source. Each point in the focused image line contains information from a set of spatial positions limited by the opening angle of the virtual source. The opening angle is defined as
A single image point is therefore potentially represented in multiple first stage focused scan lines. The second stage beamformer creates a set of image points by combining information from the first stage focused scan lines that contain information from the spatial position of the image point. A single sample, h, representing the image point at the location r ip can be expressed as
where l θm (t d,θm ( r ip )) is the sample value at time t d,θm from the scan line with propagation direction θ m . The variable W is an apodization function, which controls the weighting of the virtual sources. The time delay, t d,θm for the scan line with direction θ m is found from the time-of-flight calculation as
where r θm is the scan line reference position, and r vsm is the position of the virtual source.
The variable W in (4) is an apodization function determining the weighting of the individual scan lines. The weight for the scan line, l θm contributing to image point r ip can be calculated from (6)
for the case of a desired Hamming apodization, where n can be calculated from
and is given as the ratio between the shortest distance, d(l θm , r ip ), from the image point, r ip , to the scan line, l θm , and a desired aperture width, ∆. The distance d(l θm , r ip ) can be expressed as
where × denotes the cross product. Fig. 2b illustrates the apodization weight calculation.
METHODS

Experiment setup
To predict the beam pattern of the received field using SASB and Parallel Beamforming, simulations are performed with Field II 13, 14 and the Beamformation Toolbox III. 15 In the simulations a 64 × 64 elements matrix transducer with an element pitch of 300µm is considered. The elements are excited with a 3 MHz two cycle sinusoidal pulse, shaped with a Hamming window. The element one-way impulse response is identical to the excitation pulse. Both imaging methods are set-up with a view field of 60×60 degrees and a scan depth of 10 cm, resulting in 361 emissions for a frame rate of 20 Hz. The 361 emissions are divided into 19 angles per dimension (elevation and azimuth), with uniform angle separation. Both imaging methods are implemented such that all scan lines have their reference point at the center of the transducer (0,0,0). To have a realistic size of the cable connecting the ultrasound probe with the ultrasound scanner, the number of channels is limited to 256. This does not influence the implementation af SASB, where only one channel exists between the ultrasound probe and the main processing unit, but is a restriction for parallel beamforming. For parallel beamforming, a limit of 256 cable channels means a limit of 256 active elements. See Fig. 3a for an illustration of the scan setup, including the physical and SASB-synthesized aperture.
Implementation details
The first stage beamformer is implemented using Field II and a sampling frequency of 120 MHz. The beamformer is implemented with an identical time delay-and apodization profile in both transmit and receive. The time delay profile is determined based on a desired focal point distance of 40mm from the physical array. The apodization profile is a 2-D Bartlett-Hann window based on a F# of 2.1. Fig. 3b and 3c illustrates the receive and transmit apodization profiles. From the possible 4096 elements, the SASB first stage beamformer is using 3448 elements. After the first stage beamformer, the output data is decimated with a factor 4 to 30 MHz.
The second stage beamformer is implemented using Beamformation Toolbox III, and applies a Bartlett-Hann apodization profile based on a receive F# of 2.7.
Parallel beamforming increases the frame rate by beamforming multiple receive line per emission. transducer, a right-angled triangle can be drawn from the three points: the center of the active aperture, the focal point and the half-width-at-half-maximum (HWHM) of the transmit beam at the focal depth. Using this triangle and that HWHM = FWHM/2 ≈ F #λ/2, the following approximate relation can be written
where λ is the wavelength of the emitted wave, α is the transmit beam width in radians, r the focal depth, w the aperture width, and F # = r/w is the F -number. In (9) tan α 2 is assumed nonzero, implying that the main-lobe width is always nonzero. Inserting the values for λ and α into (9) gives an aperture width of w = 9.31 mm. With a pitch of 300 µm, this corresponds approximately to a 31 element wide aperture.
A circular aperture with a diameter of 31 elements contains approximately 755 elements, but the probe cable is restricted to 256 channels. It has been shown 3, 16 that when the number of active channels is restricted and a wide aperture is needed, the simple sparse array "Mills cross" results in one of the best ratios between imaging quality and the number of active elements used.
A 34 element wide and 4 element high cross results in exactly 256 elements and is the chosen transmit aperture. The effective size of the aperture is decreased by using a Tukey apodization. The ψ parameter of the Tukey apodization which leads to the correct width, is determined by numerical optimization. The goal of the optimization routine is for the sum of the Tukey apodization coefficients to be equal to the sum of the rectangular apodization coefficients. The expression optimized is thereby
The 34 element wide transmit aperture is shown in Fig. 3e .
In receive, 76 lines are beamformed per dimension, giving a main lobe width of α RX = 60°/(4 × 19) = 0.79°. Inserting α RX in ( (9) ultrasound probe is 64 elements wide in each dimension, this receive aperture can not be implemented. Instead, the widest possible cross is implemented on the diagonals of the transducer. A Tukey apodized 64 × √ 2 = 90.5 element wide Mills Cross with ψ = 0.15 is used as the receive aperture. The receive aperture is seen in Fig. 3d .
To maintain an approximately constant angular transmit beam width, the focal point is placed in the far-field. The focus distance is set to 7 cm.
SIMULATIONS
To determine the acoustical performance over the field of view, the received field is calculated by moving a scatterer on the surface of a hemisphere with 90 mm radius. The scatterer is moved in azimuth, θ, and elevation, φ, in steps of 1
• from 0 • to 25 • .
C-scan imaging
From the set of 3-D point spread functions, examples of the C-scan for the two methods are shown in Fig. 4 . The figure shows that the uniformity of the C-scan created with SASB is higher than for the C-scan created with Parallel beamforming. The point spread function furthermore shows that there is little angle dependency on the visual impression of the C-scans.
(a) SASB, θ = 0 To quantify the performance of the two methods, the detail resolution and its homogeneity is determined. The detail resolution is calculated as the full-width-half-max, FWHM, and the −20 dB width, FWTM, for 64 directions in the C-scan. The homogeneity is calculated as the coefficient of variation of the FWHM and FWTM. Fig. 5 illustrates the maximum detail resolution and the homogeneity. The graphs show that SASB has a slightly worse detail resolution, but is more homogeneous with angle. 
Cystic Resolution
The Cystic Resolution describes the ability to detect an anechoic cyst in a uniform scattering medium. Specifically, the Cystic Resolution gives the intensity at the center of an anechoic cyst of a given size relative to its surrounding uniformly back-scattering medium. 17 The lower the intensity at the center of the cyst, i.e., the darker it appears in the image for a given cyst size, the better imaging performance of the system. The relative intensity (RI) of the anechoic cyst was shown by Ranganathan and Walker 18 to be quantized as the clutter energy to total energy ratio
where E in is the signal energy inside a circular region with radius, R, centred on the peak of the point spread function. E tot is the total point spread function energy and E out is the point spread function energy outside the circular region. To achieve a single number from the RI(R)-curve, the required radius to achieve a 20 dB relative intensity between the center of the cyst and its surroundings is determined. This is written as R 20dB . Fig. 6 illustrates R 20dB as a function of identical azimuth, θ, and elevation, φ, angles.
To determine the 20 dB Cystic resolution for the 3-D point spread functions, the absolute value of the C-scans over a radial distance of ±5 mm is summed. The absolute values of the samples along the axial dimension are summed to include out of plane energy from the 3-D point spread function. The graph shows a clear trend and a reduction in the required cyst radius to obtain a -20 dB cystic resolution using SASB. The improvement is consistent with angle, and shows a reduction in cyst radius by 50%. Figure 6 : Cystic resolution, R 20dB . The angle dependency of Cystic resolution is determined by moving a single scatterer on a hemisphere, with a radius of 90 mm, for identical azimuth and elevation angles. For each angle, the summed C-scans over a radial distance of ±5 mm is calculated and R 20dB is determined.
Cyst phantom
The simulations of an anechoic cyst are performed to link the image quality metrics to a visual comparison of a xz-plane B-mode image. A tissue mimicking phantom is created with a scatteren density of 3 scatterers pr. mm 3 , to have a fully developed speckle pattern. The volume of the scatterers is positioned within ±30mm in the x and y dimensions and from 70 mm to 110 mm in the z dimension. Scatterers were removed to create a 15mm spherical anechoic cyst, centered at (x;y;z) = (0;0;90) mm. Fig. 7 shows the xz-plane B-mode image of the tissue phantom for a visual comparison of SASB and Parallel Beamforming. 
CONCLUSION AND PERSPECTIVES
This paper presented the first 3-D imaging method for a real-time ultrasound imaging system with only a single channel between the transducer and main imaging system. The huge channel reduction is achieved using a combination of synthetic aperture and sequential beamforming. The method has been compared to Parallel beamforming and the results show that the acoustic performance of SASB is less angle dependent. The Cystic resolution is shown to be more than 50% reduced with a detail resolution on the same order as Parallel Beamforming. It has been shown that 3-D images could be obtained for a scan depth of 10 cm with a view field of 60×60 degrees and a frame rate of 20 Hz. In conclusion, SASB is an effective beamforming technique to reduce the channel count while maintaining an adequate image quality for real-time 3-D imaging.
